TECHNICAL
REPORTS



Materials for Warrior Protection, Lethality, Mobility, Sustainment
0 Harvest/extract moisture from all potential sources in the warrior micro-environment
o Bio-medical materials

o Self-contained functionality to induce blood-clotting and administer other therapeutic agents
to the body when required.
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Area:

Power and Cooling

The power and cooling working group organized their plan around three main areas. The areas were:

« Development of revolutionary primary power sources with specific power density greater than 1
kW/kg and stored energy of 1 kwWh/kg to enable the soldier the soldier to operate autonomously
for >144 hours.

« Development of leap-ahead conformal alternative power sources to provide supplemental
(modular), back up (emergency) and self-sustainable (get more when needed) power.

« Development revolutionary warrior body cooling devices that provide > 150 W of cooling for <30
W of input power to significantly reduce the thermal stress of the warrior and enable sustained
performance under environmental conditions which would incapacitate unprotected soldiers.

There are anumber of present or envisioned technol ogies which might provide solutions, or partial
solutions, in each of the above areas. Therefore, the group generated sub-areas within the major areas and
discussed each sub-areain terms of an objective statement, including some form of metric and an
indication of the expected enabling result of successful needs-driven nano-science research in the
sub-area. The team also identified opportunity driven nano-science research thrusts and example
proof-of-concept demonstrations for each sub-area.

Severa genera themes seemed to apply to all areas:

« Nanostructured materials could lead to flexible conformal systems which would be more
comfortable and less likely to cause injury than the current rigid packages with relatively sharp
corners.

« Nanostructured materials could be stronger and therefore alow for lower weight systemsto lessen
the Soldier’s burden.

The area and sub-arearesearch is described bel ow.

Power and Cooling

Area 1. Develop revolutionary primary power sources with specific power density greater than 1 kW/kg
and stored energy of 1 kWh/kg to enable the soldier the soldier to operate autonomously for >144 hours.

Sub-area 1.1, Fuel Cells (includes hydrogen/air, direct oxidation of methanol, and solid oxide fuel cells)

Objective 1.1
« Develop fuel processorsto generate hydrogen from safe easily transported fuels

Research Reguirements:

Need-driven research 1.1
« Develop sulfur tolerant fuel processing catalyststo allow logistic fuelsto be used

« Develop microchemical concepts to enable soldier transportable fuel processor systems based on
safe fuels

« Develop novel fluid handling elements to reduce ancillary weight below 0.5 kg/kW
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Opportunity-driven research 1.1

Quantum mechanical modeling to help design or identify catalysts with desirable properties

Combinatorial methods to alow discovery of CO and sulfur tolerant nanophase catalysts for fuel
cellsand fuel converter.

Novel sonochemica methods to create nanostructured catalysts with improved sulfur tolerance
Develop nanostructured wicking structures as pumps without motors

Use nanostructured surfaces to allow flexible heat exchangers and thermo-capillary heat sinks with
performance at least equal to current rigid systems

Develop nano-architectured electrochemical interfaces to increase power

Critical proof of concepts1.1

Hydrogen source to support 20 watt fuel cell from butane in a portable device weighing less than
100 gms

Hydrogen source to support 20 watt fuel cell from JP8 in a portable device weighting less than 200
gms

High temperature aerogel insulation achiving R-factor greater than 5 at 800 C
Nanostructured electrodes achieving 10 amp/cm?
Pump producing 2 I/min of air consuming less that 0.01 watt weighing less than 5 gms

Sub-area 1.2, Batteries

Objective 1.2

Use nanostructured electrodes to push available power above 1kW/kg and energy above 1 kWh/kg
and while maintaining current degree of safety

Use nanostructured/solid electrolytes to produce safer batteries for critical applications.
Develop diagnostics to monitor state of charge, cyclelife.

Research Reguirements:

Need-driven research: 1.2

Develop high conductivity nanocomposite electrolyte for solid-state battery
Nanostructured electrodes to push available power above 1 kW/kg and energy above 1 kwWh/kg

Opportunity-driven research: 1.2

Modelling of ion transport for better design
Sensors for internal chemistry of battery to monitor charge and lifetime

Use nanostructured interfaces to enable flexible microdevices to replace macrodevices and push
useful power above 1 kW/kg

Develop nano-architectured electrochemical interfaces to increase power
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Area:
Critical proof of concepts: 1.2

» Batterieswith 1 kWh/kg that operate over military temperature range

Sub-area 1.3.1: Microturbines

Objective 1.3.1:

« Design and Fabricate Meso-scale Electrical Power Conversion circuits that operate from MHz to
DC for soldier applications

Research Requirements:

Need-driven research: 1.3.1

» Reduce size of power converter components from 5 cm to 5 mm dimensions using novel
nano-scale materials with MEM S-like fabrication

Opportunity-driven research: 1.3.1

« Use of nano-scale self-assembly to achieve nano-composite materials with 10 to 100 times higher
magnetic permeability for reduced size inductor components

« Novel circuit design using hybrid analog and digital integrated circuits based on new approaches
to sensor electronics

Critical proof of concepts: 1.3.1

« Demonstrate new power conversion circuits with 30-50 times smaller size than present discrete
components at power levels of at least 3 watts

Sub-area 1.3.2: Microturbines

Objective 1.3.2:

« Prevent oxidative degradation of materials which can be microfabricated to the mechanical
tolerances required for microturbine power sources

Research Requirements;

Need-driven research: 1.3.2
« Develop surface treatments to protect silicon from oxidation at high temperatures

Opportunity-driven research: 1.3.2
« Develop microfabrication techniques for materials like A1203

Critical proof of concepts: 1.3.2

« Develop high-aspect ratio etching techniques for high temperature materials such as AI1203 with
surface control to 200 nanometers
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Sub-area 1.3.3: Microturbines

Objective 1.3.3:
« Achieve wafer bonding with dissimilar materials for microturbine applications.

Research Requirements:

Need-driven research: 1.3.3
o Control thermal stresses
« Reduce interfacial roughness

Opportunity-driven research: 1.3.3
« Make use of atomic-scale simulations using supercomputer methods

« Develop new approaches to chemical/mechanical polishing using multi-probe atomic microscopes
(STM’s)

Critical proof of concepts: 1.3.3

« Demonstrate Wafer-bonded Si-SiC interfaces that are stable to temperatures in the range 1000 —
1100deg C

« Demonstrate smoothness of both S and SIC surfaces of micro-machined turbine components with
rms roughness less than 0.05 nm over 5 pmeter length scales

Power and Cooling

Area 2. Supplemental/Backup Power Systems which rely on nano-science for efficient, unobtrusive
electrical power

Objective 2.1:

Develop leap-ahead conformal alternative power sources to provide supplemental (modular), back up
(emergency) and self-sustainable (get more when needed) power.

Research Requirements;

Need-driven research: 2.1

« Devicesthat are lightweight, conformal and multipurpose (serve as load-bearing materials as well
as power genrating devices). Thiswill significantly cut down on the total weight the soldier
carries.

« Improve efficiencies to provide adequate and reliable power as needed.
« Devicesthat are ‘rugged’, survive under al environmental conditions.
« Low signature; minimal visual (camoflauge), noise, and thermal signature.

« Devicesthat can be "tailored" to suit a specific power requirement (voltage, current) for a
particular electronic device in amodular (distributed) architecture.

Opportunity-driven research: 2.1
« Nano-based technolgies offers unsurpassed opportunities to overcome current "hurdles’ in
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development of nano-based photovoltaics and thermophotovoltaics. It is anticipated that
nanomaterials will provide a minimum of doubling of the energy conversion efficienciesof current
state-of-the-art devices (to >10 % efficiency)

« Nanotechnology approaches to new materials such as greatly improved piezoel ectrics which would
enable energy harvesting from sources such as heel strike

« Nanotechnolgy to tune band gap for electronic, photonic and phononic absorption and energy
transduction.

« Theoretical modeling to predict, design and optimize light harvesting materials energy
transduction and nanoengineering.

« Nanofabrication to make conformal and integratable devices. Techniques include nanoinjection
molding, nanocomposites, reel to reel processing and molecular assembly.

Critical proof-of-concept demonstrations: 2.1

« Photovoltaics — Current state-of-the-art for all solid-state organic nano-based solar cells have
efficiencies of 7% on rigid substrates. Proof-of-concept would include efficiencies of >10% on
flexible, conformable substrates such as plastics and textiles.

« Thermoelectric — Current state of the-art deviceshave a ZT of <1. Proof-of-concept would use
nanostructures to engineer electron and phonon transport to reach ZT>3, at room temperature.

Power and Cooling

Area 3: Body Cooling to enhance warrior performance and endurance

Objective 3.1:

« Develop revolutionary cooling devices that provide > 150 W of cooling for <30 W of input power
to significantly reduce the thermal stress of the warrior.

« Reduce cooling burden for Soldier to < 2 kg and overall size < 1 liter.

Research Reguirements:

Need-driven research 3.1:

Vapor compression based coolers:

« Reduce surface roughness of moving parts to nanometer scale (valves, bore/cavities, etc) to reduce
friction and leakage

« High efficiency electrostatic compressor: membrane with dielectric strength >1000 V/micron at
deposited thickness < 500 nm and high dielectric constant.

Thermoelectrics:
« Develop ZT>5 for macroscopic cooling using nanoscale arrays.

Evaporative:

« Develop arrays of micro air pumps capable of output flow rates >400 |/min @ 8 cm water guage
pressure with aweight of < 100 g and power consumption < 7 W.
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Area:
Opportunity-driven Research:
« Use nanotechnology to develop thin film lightweight heat exchangers.
« Develop small and robust thermo-accoustic refrigerators
» Develop soft thermoel ectric devices and materials for cooling the skin.
« Invent new thermoelectric material with ZT>1 and half the weight of Bi2Te3

Critical proof of concept
« Test membranes with deposited materials for >1000 V/micron, 12 mm diamater < 500 nm thick
« Material with ZT>5 thermoel ectric measure
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SOLDIER STATUS MONITORING

SOLDIER STATUSMONITORING

The Soldier Status Monitoring Operation pursued the concept of the INVINCIBLE SOLDIER.
Facilitating technol ogies would include capabilities to:

o Monitor soldier status

« Enhance soldier performance
o Predict soldier performance
o Minimize soldier casualty

These capabilitiesin turn suggest five areas for research and development in the general field of soldier
status monitoring. These areas are operational capability, casualty monitoring, casualty care, NBC
detection and modeling methodologies.

Originally, the group suggested ten different objectives. It might make sense to group these into alarge
cluster of objectivesthat deals with biologically oriented projects involving direct interaction inside the
soldier’s body, and a series of lessinvasive objectives. The lessinvasive objectives would include those
|abeled one to five and eight in the document to follow. Areas six, and seven comprise the invasive
procedures.

The different target objectives have different time scales. These are as follows:

Objective Title Timescale
1. Critical Laboratory and Pharmacy on the Soldier Long term to visionary
2. Soldier Status Direct Monitoring Near term to long term
3. Loca AreaMonitoring Near term to long term
4. Soldier Performance Prediction and Virtual Near term to long term

Prototyping
5. Active Water Reclamation Long term to visionary
Enhanced Biological Interaction with the Soldier Long term to visionary
7. Internal Data, Chemical, Communications and Visionary

o

Signal Processing (artificial systems within the soldier)
8. Integrated Bioenergy Devices For Driving Sensors Long term to visionary

Objective 1: Clinical Laboratory and Phar macy on the
Soldier - Real Time Assessment and I ntervention

Areas. Operational capability, NBC detection, casualty monitoring

General |dea: Soldier performance and status are related to a number of definable and measurable
benchmarks. Additionally, external systems such as clothing and cooling can directly enhance
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SOLDIER STATUS MONITORING

operational capability.
RESEARCH REQUIREMENTS:
Need-Driven Research:

Automatic monitoring and response to predetermined criteria (developing a set
of standards for intervention)

Blood pressure stabilization
Advanced, dynamically reconfigurable, sensitive, robust sensors
Controlled release of pharmacological agents

Opportunity-Driven Research:

Develop clothing to stop bleeding, by artificial skin formation, compression/
constriction

Build pharmacy platform for release, with figures of merit

Critical Proof of Concept Demonstrations:

Assessing traumain real time

Response to traumain real time - blood pressure stabilization, skin patch
formation, pharmadosing

Objective 2: Soldier Status Direct Monitoring:
Biochemical, Physiological, Sensory and Psychological,
Status Security

Areas. Operational capability, casualty monitoring, modeling

General Idea: Permit quantifying and measurement of markers for health, psychologica and
physiologica well-being, sensory capabilities and operational functionality of the individual soldier.
Also communicate with command after mortality.

RESEARCH REQUIREMENTS:
Need-Driven Research:

System must be modular, compatible, open and dynamical architecture

Exact requirements for what must be measured and the accuracy with which the
measurements are needed must be established

Components must be biocompatible

|dedlly, the general chemical and biochemical framework should be established
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SOLDIER STATUS MONITORING

to permit development of new sensors for any given target within atwo month
period. Optical or electrical nano response seem obvious waysto do this.

Allow command to know if individual soldier has died

Opportunity-Driven Research:

Dynamic molecular recognition with signal transduction based both on
implantable and surface technologies

Tissues to do artificia sensing (amplification of signals, entrained biosensors)

Develop novel molecules/new molecular categories/macromolecular
recognition elements

Develop new sensors, on the two-month timescale for physical, biological and
chemical markers

Integrate sensing with efficient automated secure communications with
command

Critical Proof of Concept Demonstrations:

Demonstration of awide array of simultaneous sensing capability, without
Interference

Match performance targets for signal/noise

Demonstrate that a single unified platform can be used for various analytes at
the same time - for example, biotoxins and neuro transmitter levels

Demonstration of sensing within living systems

Objective 3: Local Area Monitoring
Areas. NBC detection

General |dea: To permit the soldier to be aware of any NBC factors within his perimeter, in real time and
with appropriate sensitivity

RESEARCH REQUIREMENTS:
Need-Driven Research:

Develop extremely sensitive and selective nanoscale sensors for al important
N, B, C markers

Determine which factors need to be detected, and what sensitivities are required

Plume mapping for predictive capability and motion guiding in opportunity
given research
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SOLDIER STATUS MONITORING

Develop generic sensors that can be optimized to recognize threats that are not
predicted

Single molecule detection
Chemical cascade detection

Sensors for acoustic or other types of weapons - non-molecular threats,
including electromagnetics

Integrating sensing/modeling for prediction of threats — real time modeling
Critical Proof of Concept Demonstrations:

Detection at appropriate levels, in realtime atmospheric conditions

Detection in presence of interfering substances and NBC signals

Object 4: Soldier Performance Prediction and Virtual
Prototyping

Areas. Operational capability, casualty monitoring and modeling

General Idea: Integrate specific datato evaluate overall capability and predict performance.
RESEARCH REQUIREMENTS:
Need-Driven Research:

Establish minimal and maximafor performance - quantitative criteria
Collect and integrate data based on a wide-array of nanosensor structures
Integrate modeling capabilities to predict performance of individual soldiers

Opportunity-Driven Research:

Multi-parametric prediction algorithms, with realtime capability
Biomimetic data analysis, in computational and predictive algorithms

Critical Proof of Concept Demonstrations:

Performance based on animal modeling comparison with measurement
Implant nanosensors in animal testing

Demonstrate monitoring of critical statusin living organisms, by nanosensor
measurements and integrated data analysis
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SOLDIER STATUS MONITORING

Objective 5: Active Water Reclamation - " Dune still suit”

Areas. Operational capability, casualty care

General |dea: Recycle water from biological body wastes, to provide recyclable water source.
RESEARCH REQUIREMENTS:
Need-Driven Research:

Reduce necessity for soldier to carry water

Develop purification schemes of high efficiency

Develop delivery system for collection and storage of water
Balance electrolytes and hydration for individual soldiers

Opportunity-Driven Research:

Increase the amount of water reclaimed
High throughput nano-filtration

Quantitative estimates of amounts of water that can be reclaimed from various
sources (sweat, exhalation, urine)

Critical Proof of Concept Demonstrations:

Demonstrate lack of dehydration in living organism with highly reduced added
water

Objective 6: Total Sensory and Mechanical Enhancement
(Biological)

Areas. Operational capability and modeling

General Idea: Utilize electrical, physical and electromagnetic, as well as biological, structures to enhance
the native senses of the individual soldier

RESEARCH REQUIREMENTS:
Need-Driven Research:

Widen observed visible and audible spectra

Dramatically increase sensitivity of senseswithin the individual soldier;
provide maximum capabilities for information process and utilization

Dramatically increase physical capability
Advance spectral filtering methods (visual, auditory)
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SOLDIER STATUS MONITORING

Opportunity-Driven Research:

Neuro functional implants
Spectral mapping (materials, frequency)
Integrated enhanced tissue, muscle, bones, tendons

Critical Proof of Conduct Demonstration:

Soft contact lense that does realtime spectral mapping

Enhance muscle performance over current human capabilities

Dynamical auditory balancing structure, to permit optimal hearing sensitivity

over multi decibel range
Objective 7: Internal Data, Chemical, Communications
and Signal Processing (artificial systemswithin the
soldier)

Areas. Operational capability, NBC detection, casualty care, casualty monitoring and modeling

General Idea: Thisisahigh risk, visionary program to develop internal measuring, monitoring, data
processing and communications capabilities. It should all be integrated with the command structure, and
function without requiring attention from the individual soldier.

RESEARCH REQUIREMENTS:
Need-Driven Research:

Single transduction reception with the soldier and back to command

All components (implanted and native) must communicate, be transduced and
link to command center

Develop pin-size, biocompatable nano computers that can transduce data from
sensors, process and communicate with command

Onboard integration and control of sensing elements, without externa
manipulation

Biological input/output structures

Determine where placement of automatic monitoring/response structures within
the body should be

Opportunity-Driven Research:

Molecular computing and communication - robust and effective data
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SOLDIER STATUS MONITORING
processing and communication using natural energy sources

Communication within the body and to external command and control
Computer assembly and/or implantation within the body

Institute biopolymer growth

Institute chemical delivery asrequired

Artificial therapeutic issues

Critical Proof of Concept Demonstrations:

Demonstrate patching of wounds/regeneration of tissues within accelerated
timescales or hours or minutes

Demonstrate in-situ chemical delivery without external sources - integrate
sensing and dosage

Demonstrate implanted miniature computers that can process signals, receive
signals and transmit signals in living organisms

Demonstrate deep implant sensing physiological markers
Demonstrate capability of deep implants to process data and relay to external
site
Objective 8: Integrated Bioenergy Devices For Driving
Sensors

Areas. Operational capability, casualty monitoring and care

General Idea: Retain the energy generated by the individual soldier that would, otherwise, be lost.
RESEARCH REQUIREMENTS:
Need-Driven Research:

Need molecular energy source to drive sensors
Utilize power generated by human activity

Opportunity-Driven Research:

Use of metabolites and chemicalsto drive soldier systems

Use dynamic thermal gradients based on temperature differentials between the
soldier body and the external environment to provide power as needed

Critical Proof of Concept Demonstrations:
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SOLDIER STATUS MONITORING
Use fat, ion gradients, metabolites to power sensors

Demonstrate energy generation from thermal atmospheric/body temperature
gradients in continuously functional device. Require "working fluids' that can
work in elevated or reduced external temperatures
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Appendix A

Nanoscience for the Soldier

The sub-group on Detectors, Antennae, Displays (see Appendix A for names and contact information)
addressed each of the topics and identified several issues that were important to these subsytems but were
beyond the scope of the technologies that supported these subsystems. Three issues could be addressed
by other groups:

« Communications between "suit" and helmet/soldier

« Information management: WEBS

« Security of soldier system

There were other topics we identified but felt inadequate to address in the time available. These were:
« 3D displaysfor ssimulation and training
« Nano materials for 3D displays, e.g. embedded two-photon induced fluorescing nanoclusters
« Modeling of nanotubes, how do create nanotubes at an affordable cost?

« Reflectivel selective "paints’ (nanocomposites) for marking the trail or target, or for signature
reduction.

The group then developed alist of science areas that might provide useful capabilities for the soldier.

DISPLAYS

1. Nano-structured surfaces for alignment of LCD (Liquid Crystal Displays) (ferroelectric LC' s are
fast and would provide useful displays. Could their cost be decreased and their performance
increased by placing L C on pattered silicon that also contained signal processing components?)

2. Encapsulated liquid crystals (to provide for example holographic LC grating beam steering as a
means of direct write of the display to the soldier’ sretina

3. Direct retinal scan? using "nems" (nano-electro-mechanical devices) for steering

4. Enhanced emission with structured surfaces (100x) = lower power consumption and should
increase lifetime, lower weight of displays

5. Charged nanotubes arrays in vacuum for low voltage CRT’s
6. OLED (organic light emitting diode) arrays — high frame rate and high resolution

7. Porous Si?— shown to emit, and nano-surface modification has improved silicon’ s ability to detect
the infrared. Such structures would be integrateabl e?

8. Light source: electroluminescence, LED, or OLED, multicolor arrays
9. Nano-structure —in pixels? Quantum well/wire/dot emitters, or atomic clusters for limporved
10. LCD nano molecules — nanotubes as active elements

11. Photonic bandgap (PBG) materials for reflective image from visor? Uniform, omnidirectional
refelctivity

12. Active camouflage: e.g. PBG’s, or electronically controlled nanolayers to alter reflectivity (e.g.
MQW’sor PBG’s), or electrically addressed LC’ sin suit. All this must be combined with
detecting and imaging of the surrounding and mimicking it (chameleon effect)

ANTENNA
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PBG (Photonic Bandgap Material materials to enhance the beam pattern of antennae
PBG could also protect the soldier from electromagnetic fields

Embed molecular entities within PBG

Increase FOV (field of view) in wavelength filters used to protect the soldier

Arrays of aligned nanotubes as steerable antenna

e-beam lithographically written antenna arrays for use as electronic, IR, of Visible detection or
Imaging systems. This could give polarization, direction, or wavelength control

Other antenna arrays— THz
Lendlet arrays, diffractive elements — could provide a color capability for IR detection
Negative e, negative m (low loss) materials with special reflection properties

active glasses (LCD on/off switching from transparent to opague with each eyeto give heads up
info)

DETECTORS

1.

10.
11.

12.

PBG — enhanced fields on detectors: nano-surface modification has improved silicon’s ability to
detect the infrared.

Detector arrays for use as| filters, angular sensitivity, polarization sensitive, tunable wavelength
sensitivity (all electronic control) also multi |

Optics for imaging across the visible —| R band.Use diffractive optics for color correction and other
aberrations. This should reduce the size, weight and cost of the optical system for example;
Diffractive optics saves space between focusing element and detector

Nano cavities (or surface enhanced Raman) — resonant structures on detectors to give multicolor
detection

Quantum well/wire/dots (Size effects)

Sol gels, ormosils (useful for sensor protection — incorporate nonlinear materials in pores-size
effects?)

Carbon suspensions and carbon nanotubes for sensor protection, also semiconductor-doped glass
(quantum dots) and doped aerogels

Integrated diffractive optics on a semiconductor chip for detection and display

Also bulk (3D) holographic gratings using photo-thermal -refractive glasses (nanocrystallites)
integrated with optical system & electrical chip

PBG’ gdiffrative optics for rapid optical signal processing

Nanophase materials wirh electrically tunable "bandgap” so the wavelength sensitivity could be
tunable.

Active illumination/detection using PBG enhanced (lowered threshold) lasers (lower power)

Final Conclusions

The group came to the conclusion that the differences between detectors and antennae were blurred when
discussing nanoscience and research in the science would impact both applications. We were able to
identify the most probable areas where an impact on the soldier might be found. In the area of antenna
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and detectors:

1.

The use of nano-sized surface structures to produce field enhancement for improved signal
detection or radation patterns.

Nanolayers of detector material spatially located at focal plane of an imaging system to provide
sensor fusion by discriminating wavelength.

Electronically controlled detection using arrays of nano-detectors/antennae for polarization, | ,
angle, etc.

In adifferent light, the use of fractal-based antennae for wavelength insensitivity (broadband
detection).

Nanostructures such as quantum dots for enhance sensitivity without cooling.

Sensor protection with nanotubes, PBG’s, solgel, ormosils etc. (e.g. fill pores with nonlinear
materials)

In the area of displays, the group took aliberal interpretation of displays to identify the following
research opportunities:

1.

Active camouflage: conformal electrically addressable "image" on "uniform” (nano-paints, PBG'’s,
preferably with real-time active control). Also Electronically addressed nanolayersin "uniform” to
alter reflectivity.

The use of nanostructures in Field effect devices such as nanotubes to serve as non-eroding
electrodesin CRT’s.

Organic light emitting diodes (OLED) —for large area displays. Currently lifetime is an issue but
the use of nanotubes would reduce current density which should extend lifetime.

Liquid Crystal displays (LCD) require some black magic to the surface to insure the liquid crystals
are aligned to the surface. Surface nanostructures could be used to enhanced L C alignment.

If the display isto appear on the soldier’ s face shield then something must be do to reduce the
angular fall off inintensity. PBG’ s would provide angle independent projection display in the
soldier’ s visor heads up display.

If the display isto be written on the soldier’ s retina then encapsulated L C’ s to generate

hol ographic grating for beam steering could be used for direct retinal writing.

Detailed write-ups on a number of the applications were prepared by the attendees and can be found in

Appendix B.
Appendix A
Participantsfor Detectors, Antennae, Displays
1. Eric Van Stryland, School of OpticCREOL, U. of Central Florida

2.
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Paul Amirtrarg), USARL
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Appendix B
Van Stryland:
Detectors
Objective: protect sensors from laser induced damage. General area called optical limiting.
Nano materials may have significant impact on sensor protection/hardening

Carbon black suspensions (CBS) are currently among the best (certainly the broadest spectral coverage)
of any known material for optical limiting. CBS most certainly contains nanoparticles of carbon.
Additionally, preliminary experiments with C nanotubes shows at least as good limiting (but research has
only just started and the quality of C nanotubes used is poor. Research on other nano particles (e.g.
suspensions of metal nanoparticles may also yield useful results. Work on organic nanoparticlesis also of
interest. Another approach to nanoparticlesisto fill the pores of nanoporous materials such as sol gels or
ormosils or aerogels with nonlinear materials. A limited amount of research has been donein thisareato
date.

A different areaisthe use of PBG’ sin optical limiting. Initial research has shown promising results (e.g.
NRL Shirk) — but again initsinfancy. The difficulty isthe availability of materials. As PBG materials
improve and move toward smaller length scales optical limiting research should utilize these materials. A
goal is 90% transmittance with alimited output of 0.1 m Jup to 100 mJinput for pulses from 100 psto
100 m sec.

Joachim Ahner
Carbon nanotubes for displays.

Metallic single wall carbon nanotubes exhibit extraordinary mechanical (and electronic properties.
Theoretical calculations (and recent experiments) show that electrons are transmitted in a ballistic way
(Dresselhaus 96, and DeHeer 2000), with very stable band structure. If used for conductors, these CNT’ s
minimize power consumption due to low resistivity. These properties, together with the fact that they act
as very sharp and chemically stable tips make them ideal building blocks for efficient, stable field
emittersfor long lasting displays.
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By aligned growth of parallel, upstanding CNT’s on prepared Ni —pattern & tip densities of up to 104/m
m?2 are possible. State-of-the-art FED arrays made by lithography methods provide about 1 tip/m m2.

KrisKempa
OLED’s on arrays of nanotubes

Organic light emitting diodes (OLED’s) are formed by "sandwiching" alayer of organic material
between tewo conductors (one of them transparent). They are easy to make, deposit (screen printing,
inkjet printing) and can be used to obtain flexible (foldable) displays. The problem of present OLED’sis
the organic semiconductor lifetimeislowered by the need for relatively large current densities. The
current density can be reduced by forming OLED on a corrugated surface- e.g. on a carbon nanotube
array. For the same light intensity the current density can be lowered by 10x. Thisincreases the lifetime.
(G. Jabbor — U. of Arizona, photonic center.

KrisKempa
Segments of straight carbon nanotubes for the active molecules of LCD

Multiwall nanotubes grown by PECVD (Plasm enhanced chemical vapor deposition) have a"bamboo”
structure, i.e. they are made of straight segments. By grinding these, one gets a nanotube powder of these
segments. These behave as molecules of an LCD if immersed in aliquid. Placing these between two
conductors forms an LCD. They can be faster, give more conduction, are more compact than
conventional LCD’s.

Carbon nanotubes powders Z. Ren (Boston College)
KrisKempa
OLED’sfor large area DISPLAYS

OLED’s are easy to make (e.g. screen printing, inkjet printing) and can be made in form of large flexible
sheets. These would be useful for low resolution large display, possibly "chameleon” uniforms.

OLED’s: G. Jannour (U of Arizona, photonics center)

KrisKempa

Novel radiation sources based on SWNT arrays capped with nanoparticles (20 nm) exhibiting e.g.
plasmon modes

Goal isto achieve elecroluminescence and lazing of small metallic particles attached to metallic
nanotubes. Surface has vertical nanotubes with metal nanoparticles on top. This alows for dense packing
and efficient emission. These may serve as future displays.

PRL 70, 2036 (1989)
APL 76, 2071 (2000)
ST.Wu
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Nanotechnology for LC orientation

L C’ s are nano-sized molecules. In order to form uniaxial crystals, these molecules need surface
alignment. At the present time, rubbed polymers are used for such alignment. However, detailed
alignment is not completely understood. Nanoscience may help uncover such mysteries.

ST.Wu
Nanotechnology for ultra high resolution display

At he present time the State-of-the-art LCD has resolution of about 2056x2056. For military applications
thisis still insufficient. Nanotechnology should boost display resolution at least 2 orders of magnitude.
Nanotechnology would help holographic polymer- dispersed LC’s (H-PDLC) can be used for laser eye
protection In an H-PLDC LC droplets are in 100 nm, size. Nanotech would help control the droplet
uniformity and enhance light diffraction efficiency while reducing operation voltage.

B.D. Guenther
Displays: provide bright transparent (heads up display) on helmet’ s face screen

PBG crystals give reflection that isindependent of angle. By placing the crystal on aface screen al
selective display surface could be produced.

Proof of principle experiment:

Create the actual face screen with the PBF material
Boreman

Detector/Antennae

Can use nanostructure to exploit field- enhancements/or quantum confinement effect. But as structure
sizes shrink —there will need to be antenna structures to couple radiation in .

Reconfigurable IR-Vis- I"2R-THz detectors for multiband, polarization switching, tunable field of regard
can be integrated into focal plane formats — provide enhanced information to soldier for defeat of energy
camouflage without having him do the tuning.

Critical POC Demo

Single quantum —dot IR sensor (can be very sensitive, very fast, tunable
Tunable field of regard demo of electronic charge 100K angle

Tunable | sensor/multiband THz, Vis, IR senon

Nano cavities can enhance the absorption in smaller volume

Bormean

Application of antenna techniques across the EM spectrum from RF to visible.

Gets nano as | gets smaller because tuning structures will need to be smaller than the antenna arms.
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Tuning & electronic reconfiguration is necessary in order to reuse the same structure for different
functionalities — can we use the antenna array for various frequencies of communication, omnidirectional
vs. directional (nano secure — low probability of intercept) Antenna arrays (PBG, nanotubes arrays,
e-beam lithography metallic structures) can enable new functionalitiesin vis, IR & THz application —
polarization sensing Coherence detection & direction finding were you lased — and if so where from

Can enhance detection of man made structures. Just cycle through various polarization states and
different wavelength for imaging systems—don’t ry to have soldier tune it — automatic cycle. Also
fractal-based antenna structures inherently broadband. They could conceivably detect from RF to Visible.

Boreman
Antennae

Electronically reconfigurable, tuable | tunable directionality, tunable polarization. Low backscattered
signature — low probability of intercept

PBG to block field from RF communication links to soldiers head.

Passive antenna backscatter for no-power consumption

IFF

Antenna arrays for signature suppression in IR thermal-imaging wavebands
Tunability of antennae opens up active camouflage

Electronic reconfigurability of antenna structure for | , polarization field of regard
Demonstrate same antenna structure having

Very broad response —e.g. mmw & IR

IR & vis

RF & IRTHz & Vis

Ir signature suppression even signature enhancement.

Bob O’Brien

ID Friend or Foe

Depending on implementation method, e.g. laser interrogation and RF reply, nanotechnology research
needed to miniaturize detectors to permit unobtrusive placement of detectors on many locations on the
human body. Thisis necessary to allow detection of interrogation signal while in any combat posture
(e.g. standing, kneeling, prone). Research also necessary to determine how detectors are integratedgated
into the warrior system, e.g. Electro-textile interfaces, connectors. Also, detector on board processing of
the signal (you have been queried by afriendly ) would be helpful. Finally, if RF reply is the approach,
antenna arrays also must send and secure the signal when the soldier isin any posture.

B.D. Guenther
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Detectors: | selectivity, enhanced detectivity

Detector systems with resonant structures have shown increased responsivity. This could increase the
performance for the soldier without any increase in weight or power consumption.

Surface enhanced Raman scattering from clusters has been demonstrated and may provide an opportunity
for | selectivity at the focal plane

Construct a 3-color detector array with | selectivity at the focal plane.

Nanostructures can be used to enhance the performance of individual detectors. For example gratings can
be placed on a detector to enhance the electric field at a particular | . The increased electric field produces
an effective enhancement in the detector response . Examples of people who have published in this area
are Dennis Hall (while at Rochester) who used structures to enhance detector performance. The use of
clusters to produce enhanced Raman scattering was first done by Richard Chang at Y ale.

KrisKempa
Arrays of aligned carbon nanotubes for antennae

Periodic arrays of aligned carbon nanotubes are grown by Z Ren at Boston College/ nanolab also Otto
Zhou, NCSU

1. IR& visible frequency

Aligned periodic arrays of conductive nanotubes can be grown to form the | matched antenna (|
~L, nanotube length) antenna arrays tuned via nanotube length to a particular frequency in the
visible (few 100’s of nm) to the IR (few m m’s. These arrays would work essentially as photonic
crystals alowing for high degree of directionality, directional field enhancement. By implanting
defects into nanotubes nonlinear elements can be achieved which would allow for detection,
demodulation multiplexing etc. The idea has been patented : Robert Gouley

2. Radio frequencies

Arrays of aligned nanotubes can also be used as unmatched (L<<I ) antenna arrays. Even though each
unmatched (Hertz dipole) antennais inefficient, the arrays will have alarge total efficiency, which scales
with the nanotube number. Such antennae will be broadband, isotropic (multidirectional, and could be
embedded into cloth fabric. Nanotube arrays are grwon by Z. Ren (Boston College nanolab)

Gary Wood
Diffractive Optical elements as nanostructures:

Focal plane array detectors can have improved performance with focused radiation on to the detector
elements. Therefore, an array of focusing elements can improve performance. However, space
constraints also dictate that the optical elements take as little space as possible (i.e. be very close to the
FPA). DOE’s can be made fairly flat and hence could be positioned close to the FPA. In addition a
sharply focused light beam often allows better coupling to certain nanostructured detector el ements. In
order to drastically reduce the DOE from the FPA spacing focal lengths f/# <1 are desired. However, in
order to have sufficient (most of diffracted light at focus) DOE’ s with f/#<1 requires subwavelength
etched structures on the DOE. These subwavelength etched structures can be binary in depth and will be
limited to thicknesses available from current lithography. These nanostructured DOE’ s therefore are
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efficient manufacturable and should improve detector performance and enhanceit’s capabilities (ie.
Polarization selectivity)

Proof of concept: design, fabricate and test binary DOE’ s with efficiency>90% at /0.2 and demonstrate
polarization selectivity.

Gary Wood
Detectors

High sensitivity nano-sized based elements that detect el ectromagnetic radiation with high quantum
efficiency for reducing weight and size. Investigate detectivity parameters of atomic cluster and quantum
dot quantum wire and quantum well based nanostructures for high quantum efficiency and high
sensitivity, low operating power operational at 1 W or less

Recently optical nonolinearities of four orders of magnitude higher than any known nonlinearity in
materials has been discovered. This was based on the use of hano-sized elements embedded into liquid
crystals. Other nano-sized elements as above and molecular entities such as dendritic molecules may
similarly increase the responsivity of detectors.

The electronic energy level structures of such nano-0sized elements that can be evoked to respond
(absorb) electromagnetic radiation in particular wavelength & then produce a macroscopic effect such as
conductivity change will be a proof of concept demonstration for the potentiality of such to become a
detector.

Paul Amirtraraj
Photon detectors IR—8-12 mm, 3-5 mm, near IR 12, visible, UV (solar blind)

Objective: improve sensitivity (70% now to ~100%); operating temperature (1000K for IR to ~3000K),
operability, power consumption, resolution (pixel size), size, multicolor (8-12 and 3-5 m m), multi range
(IR, NIR, Vis, UV)

Materials driven — new nanophase materials with appropriate bandgap, band-discontinuities and other
controllable electronic properties (effective mass, lifetime, etc.) Fractal materials, porous materials

Structure driven — quantum dots, superlattice-type structures for photon detection — realization of
artificial-atom and artificial dopants (embedded artificial atomsin a matrix)

Novel properties driven — special properties especially spin, e-e- correlation etc.

MBE/MOCVD capability extension for nano fabrication of materials and structures

Nano-electronics — extension of the m - fab to nano-fab, focused ion beam (I1B), e-beam (high resol ution)
STM bond fab and analysis

Proof of concept demo:

Response at | and T (temp) of nano-related materials
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Capability of making electrical contacts
Capability to fabricate

First step in integration - combine 2 | ’s ranges
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